Abstract-This paper presents certain considerations about lowering of the measuring uncertainty of the machining process empirical models in turning. It is considered that the lowering of the contributions from the computer aided measuring equipment and the use of appropriate research approaches can be the main factor of gaining reliable research results. The work is based on an empirical research that has been performed by using our own developed machining process modelling and research system.
I. INTRODUCTION
Empirical modeling of the machining process is an important and integral part of the scientific approach of investigation and describing physical phenomena that occur in the machining process. Moreover, the empirical models are widely used as guidelines and recommendations in the manufacturing process in order to achieve better productivity on the competitive market. The drawback of the empirical modeling is the complexity of the research process, as it requires special research stands and experts in the field. The limitations are even bigger when we are facing a plethora of new tools and a plethora of new machining materials available. Additionally, the market strategy is moving towards flexible manufacturing, which means that there will be shorter time frames for manufacturing, and there will be lower volume orders. The manufacturing response to those conditions have been seen in the Smart Machining System (SMS) and the IIoT (Industrial Internet of Things) platforms. The SMSs are envisioned to be intelligent and autonomous systems and they certainly rely on knowledge databases [1] . Beside other knowledge, SMS uses empirical models in the optimization process. As the online monitoring of the machining process always will be limited to a few parameters which can be monitored in the production environment, the knowledge gained by the experimental research in laboratory conditions can be significant. The trend of such fundamental empirical modeling nowadays is aimed at calculating the mathematical models' reliability by determining of their uncertainty, as well as, lowering certain contributions, and consequently achieving "interoperability" in their use. Our aim is to give contribution and to move forward in the field of uncertainty of empirical modeling, as this has presently been identified as a need and is presented in [2] , and by others. Herein, we are discussing and proposing certain approaches of lowering uncertainty contributions in the measurement chain during the research of machining by turning.
II. RESEARCH SCOPE AND EXPERIMENTAL INVESTIGATION
In our previously published papers we have described the research system like a system, which integrates the cutting process, the measuring system consisted of measuring devices, amplifiers, a data acquisition card, software and research methodology [3] . On Fig. 1 , the block diagram of the main elements of the research system measuring chain, which is related to the investigation of the cutting forces, is presented. The first part, which is marked as single quantity measurement, is related to the process of performing one experiment in the experimental hyperspace. The second part is related to the DOE (design of experiments methodology), where firstly the experimental plan is designed, and after that the power mathematical model is fitted upon the measurements in all points of the experimental hypercube.
We have proposed that the uncertainty should be presented within the fitted power mathematical models like a parameter which is joined to all mathematical coefficients and degrees. In such a way the uncertainty parameter describes the reliability of the fitted mathematical model [4] , as showed by (1),
where F is the researched quantity (cutting force component), v, f, a and rε are the cutting process parameters, cutting speed, feed rate, depth of cut and cutting tool nose radius, while C, p1, p2, p3 and p4 are the exponents and the coefficient of the mathematical model and UC, Up1, Up2, Up3 and Up4 are the expanded uncertainty parameters. Such uncertainty parameter is important within the applied decision theory of an SMS. Further in the discussion of our experimental researches in [4] , we have presented that the relative uncertainty of the fitted mathematical coefficients and degrees depends on the applied experimental plan. It was showed that there can be large discrepancies of the value of the relative uncertainty of the coefficients/degrees within the interval of 5 to 50 %. Such findings put under question the overall reliability of the mathematical model and the solution that have been proposed is to lower the uncertainty contributions during experimental researches. We have been pointing that it is of crucial importance that the calculated uncertainty analysis includes the contributions from the the machining process itself. Although many studies are neglecting the process contribution, and are focusing only on the measuring chain, it is very likely that such approach and results are limited to be used only within the particular system. Such results cannot be used widely, as they are not giving any reliable information if the cutting process was performed under the declared parameters.
The scope of this paper is focused in the first part of the experimental research, where the single measurement has been done, and the measurement uncertainty has been calculated with a focus on the amount of uncertainty that arises from the measuring equipment. Upon an expert analysis of the most significant uncertainty contributors by the Ishikawa diagram, we have proposed the following mathematical model for propagation of the measuring uncertainty of the single measurement (2):
where, i-index, i=r, a, t; (r-radial cutting direction, a-axial cutting direction, t-tangential cutting direction) Ft-tangential cutting force component; kt-i-calibration matrix coefficients for tangential direction, i=r, a, t; vi-output voltage of the dynamometer amplifier, i=r, a, t; -rotational effect uncertainty contribution, i=r, a, t; -calibration load uncertainty contribution, i=r, a, t; -temperature contribution, i=r, a, t; -acquisition circuit resolution uncertainty contribution;
, , -cutting parameters uncertainty contributions, a -dept of cut, f -feed rate, -cutting speed. The rotational effect was considered within the calibration matrix by including the influence of other components, while measuring and analyzing the tangential component of the cutting force. The contribution from the temperature on the amplifier has been considered, too. The contribution of the error of the value of the calibration force was considered, and efforts have been made to lower it by using the method of calibration by dead weights, where, also the ambient factors, the error that is arising from the gravitational constant, and the error of the mass of the weights by their calibration have been considered, Fig 2. Efforts have been made to exclude the contributions from the inhomogeneity of the material hardness by removing of the strain hardened shoulder. Also, efforts have been made to ensure stiffness and avoid vibrations of the coupled elements dynamometer-cutting tool-workpiece. The inductive dynamometer Helmut Fischer Typ EF2 D3 NR24570 has been used, upgraded by our own developed PC interface and software for acquisition and representing of the signals.
The measurement has been done with the following experimental conditions: The workpiece material that was used is carbon steel, EN C55, cutting tool holder Kennametal Kenloc MSSNR2525M12 25x25 mm adjusted to 18х18 mm, cutting insert Hertel SNGN 120704 mixed ceramics MC2(Al2O3+TiC), cutting tool geometry κr=45º, κr1=45º, γ0=0º, α0=10º, λS=-8º, =0.4 mm, cutting depth a=0.5 mm, feed rate f=0.224 mm/2πrad, cutting speed v=52.8 m/min.
III. RESULTS AND DISCUSSION
After performing experimental measuring and making uncertainty analysis, we have analyzed the uncertainty contributions of the elements of the measuring chain, and their uncertainty contribution, and we have made comparison with similar researches. The value of the measured cutting force component was 278.78 N, with a standard combined measurement uncertainty of 10.82 N, determined by propagation by the mathematical model (2) . The calculation and propagation of the measurement uncertainty have been done within the GUM uncertainty framework [5] . The detailed uncertainty budget has not been presented here, as it is beyond the scope of this paper. However we can summarize the relative contributions, as presented on Fig. 1 .
A. Contribution of the machining process
The biggest contribution of 92.5% of the measurement uncertainty arises from the machining process. Here, we are investigating a machining process, where there are cutting parameters like cutting depth and feed rate, the small deviation of which has a big influence on the output quantity. That means that very small deviations in their estimation make high contribution in the budget of measuring uncertainty, as presented. Experiments, where these parameters are considered as the programed values on the machine, can significantly underestimate the measurement uncertainty. Additional precaution can be that maybe we would like to consider uncertainty like deviation from programed value (not deviation from the best estimated value) if the measurement is part of the modeling process with experimental plan which has 
B. Contribution of the dynamometer
The influence of the measuring chain is starting by the dynamometer, where we have determined the rotational effect contribution with amount of 4% as significant. This is a result of the deviation of the axes of the dynamometry from the axes of the machine, and as a result of the excenter of the cutting tool tip.
C. Contribution of the calibration
The influence of the non-linearity of the calibration line is estimated as 2.1%, a value that arises while calibrating the amplifier. However, when we consider that for calibration, we should use a standard force test machine, (the load standard uncertainty of which can be a couple of Newtons) this can evidently be the biggest part of the uncertainty budget. In comparison with the results of other authors [6] , we can observe that, in their case, the highest contribution in the uncertainty budget of a single measurement arises from the dynamometer and calibration, in the amount of 61%. Our proposal, that we have successfully demonstrated is to change the method of calibration of the amplifier, and, instead universal testing machining to use calibrated death weights. Such approach has resulted in low uncertainty contribution. Thus, we have got a totally different picture of the uncertainty contributions, and we can move the research towards the more fundamental problem of the research topic, which is the cutting process.
D. Contribution of the amplifier
The amplifier's influence is considered from the manufacturer's data if there is a significant non-linearity. In our case, where the amplifier was our design, made by a cascade of op-amps, we could analyze the circuit on component level, where, there was no significant non-linearity influence to include. However, we wanted to have a value of the ambient temperature uncertainty, and the result of the estimation was a quarter of percent in the overall uncertainty budget.
E. Contribution of the ADC quantizer
We can state that the A/D conversion uncertainty has been predetermined by the resolution of the acquisition, which for 10bit A/D converter and within the domain of the analog signal of 5V results in a contribution of around 5% in the overall budget. Although this contribution is low, herein it is necessary to show the value, and to recommend higher resolution, with aim to exclude this parameter from the analyzed influencing factors.
F. Summary of the results
During this particular single measurement, we can summarize that the index of contribution of the measuring equipment in the overall measurement budget, while measuring cutting force in the machining process, is around 7%. If we allow ourselves to express some assumptions, we can say that we can expect in other measurements this value to be similar or lower than 10%. If we consider that other measurements would have higher values for the machining parameters, thus expecting higher cutting forces, we could expect lower uncertainty contributions.
We can state that during the investigation of such complex machining processes from the empirical modeling point of view, the uncertainty of the measuring equipment (including calibration, measuring elements, amplifier, ADC, etc.) is a low influencing factor. However, it should be expressed because even a slightly different approach, (for example using a different method of calibration of the dynamometer) can result in a dominant contribution of the measuring equipment. On the other hand, presenting only the measurement uncertainty of the equipment, without considering the machining process uncertainty, results in underestimating uncertainty, and leads to incorrect interpretation of the results. Not having reliable interpretation of the experimental results makes all efforts to a) b) Fig. 1 . a) Calibration of dead weights in certified laboratory b) Calibration of the dynamometer make this results part of the SMS knowledge database useless, and in this case other approaches like online monitoring of the process are more welcomed, although they have other disadvantages [7] .
It is also important to state that these results are explaining the uncertainty of the single measurement. And further on, when we will execute an experimental plan with many measurements (experimental plan points), all points' measurement uncertainty should be propagated with the equations for determining the coefficients and exponents of the mathematical model of the phenomena, and to determine their uncertainty. So, further work should show how much the uncertainty of the measuring equipment is influencing the reliability of the empirically gained (fitted) mathematical model of the investigated phenomenon.
IV. CONCLUSIONS
During the research of the uncertainty contributions of the measuring chain, we can highlight that the research of the machining process, which includes empirical modeling of the process, demands comprehensive approach in order to achieve reliable results. The main contributions and recommendations of this work are as follows:
• The results of our research presented values of the amount of the measurement uncertainty, which arises from the machining process, as well as from the measurement equipment.
• Including the uncertainty of the machining process in the result is very important, as there is a lack of such papers in the field, especially for the need of having comparable approaches.
• The advantage of the presented measurement is gaining low measurement equipment uncertainty, in comparison with other similar research; as a result of the efforts to introduce different methods of calibration, and to have a more reliable result.
• The values of the measurement uncertainty of the ADC shows that if we select ADC with higher resolution, although low cost, it can be appropriate selection, and it can be excluded from further consideration in the uncertainty budget, as it is an insignificant contributor.
• Investment in state-of-the-art measuring equipment in this field is not economically justified.
• It is expected that different experimental setups will result in different ratios of the measurement uncertainty, but the most important is to identify all significant contributors and the values to be presented.
• This approach of identifying and presenting the uncertainty can be generalized in other research fields with similar measuring setups.
• Although, this approach is time-consuming, it is a basis to provide uncertainty parameters for the measurements in all points of the experimental plan, and further to investigate the uncertainty of the gained mathematical model, by knowing the particular sources.
• For our and other future works it is of interest to present examples of how single measurement uncertainty contributes to the uncertainty of particular coefficient of the fitted empirical model. Additional questions arise about the influence of different experimental plans on the propagation of the uncertainty parameter.
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